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[57] ABSTRACT

European Pat. Off. .

Blood processing systems and methods separate whole
blood into red blood cells and a plasma constituent within a

_rotating centrifugal separation device. The systems and

methods convey whole blood into the separation device
through an inlet path including a pump operable at a
prescribed rate. The systems and methods remove plasma
constituent from the separation device through an outlet path
including a pump operable at a prescribed rate. The systems
and methods derive a value H, representing an apparent
hematocrit of whole blood entering the separation device,
where:

_ Hppo(Qb — Qp)

Hj Or

and where H , _ is a value relating to hematocrit of red blood
cells in the separation device. The systems and methods
generate outputs and control commands based, at least in
part, upon H,.

30 Claims, 8 Drawing Sheets
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BLOOD PROCESSING SYSTEMS AND
METHODS USING APPARENT
HEMATOCRIT AS A PROCESS CONTROL
PARAMETER

This application is a continuation-in-part of U.S. patent
application Ser. No. 08/097,967, filed Jul. 26, 1993, (now
abandoned), which is a continuation-in-part of U.S. patent
application Ser. No. 07/965.088, filed Oct. 22, 1992, entitled
“Enhanced Yield Platelet Collection Systems and Methods™
(now U.S. Pat. No. 5,370,802), which is itself a
continuation-in-part of U.S. patent application Ser. No.
07/814.403, filed Dec. 23, 1991, entitled “Centrifuge with
Separable Bowl and Spool Elements Providing Access to the
Separation Chamber”, (now abandoned).

FIELD OF THE INVENTION

The invention generally relates to blood processing sys-
tems and methods.

BACKGROUND OF THE INVENTION

Today people routinely separate whole blood by centrifu-
gation into its various therapeutic components, such as red
blood cells, platelets, and plasma.

Certain therapies transfuse large volumes of blood com-
ponents. For example, some patients undergoing chemo-
therapy require the transfusion of large numbers of platelets
on a routine basis. Manual blood bag systems simply are not
an efficient way to collect these large numbers of platelets
from individual donors.

On line blood separation systems are today used to collect
large numbers of platelets to meet this demand. On line
systems perform the separation steps necessary to separate
concentration of platelets from whole blood in a sequential
process with the donor present. On line systems establish a
flow of whole blood from the donor, separate out the desired
platelets from the flow, and return the remaining red blood
cells and plasma to the donor, all in a sequential flow loop.

Large volumes of whole blood (for example, 2.0 liters)
can be processed using an on line system. Due to the large
processing volumes, large yields of concentrated platelets
(for example, 4x10"! platelets suspended in 200 ml of fluid)
can be collected. Moreover, since the donor’s red blood cells
are returned, the donor can donate whole blood for on line
processing much more frequently than donors for processing
in multiple blood bag systems.

Nevertheless, a need still exists for further improved
systems and methods for collecting cellular-rich concen-
trates from blood components in a way that lends itself to
use in high volume, on line blood collection environments,

where higher yields of critically needed cellular blood

components like platelets can be realized.

As the operational and performance demands upon such
fluid processing systems become more complex and
sophisticated, the need exists for automated process control-
lers that can gather and generate more detailed information
and control signals to aid the operator in maximizing pro-
cessing and separation efficiencies.

SUMMARY OF THE INVENTION

The invention provides blood processing systems and
methods that separate whole blood into red blood cells and
a plasma constituent within a rotating centrifugal separation
device. The systems and methods convey whole blood 1nto
the separation device through an inlet path including a pump
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operable at a prescribed rate. The systems and methods
remove plasma constituent from the separation device

through an outlet path including a pump operable at a
prescribed rate.

According to the invention, the systems and methods
derive a value H, representing an apparent hematocrit of
whole blood entering the separation device, where:

H ~
R

and where H , _ is a value relating to hematocrit of red blood
cells in the separation device.

In a preferred embodiment, the systems and methods
generate a control command based., at least in part, upon H,.
In one implementation, the control command recirculates at
least a portion of plasma constituent for mixing with whole

blood conveyed into the separation device. In another
implementation, the control command controls Q,.

In a preferred embodiment, the systems and methods
generate an output based, at least in part, upon H,. In one
implementation, the output comprises a value 1] representing
efficiency of separation in the separation device, where:

— QP
L=y - AY/

In a preferred embodiment, the value H,,_ represents

apparent hematocrit of red blood cells in the separation
device, where:

1

)
Hpe = 1_(?1% (g6 — gp) )

where:

q,, is inlet blood flow rate (cm’/sec), which when con-
verted to ml/min, comresponds with Q,,

q, is measured plasma flow rate (in cm®/sec), which,
when converted to ml/min corresponds with Q,,

B is a shear rate dependent term, and S, is a red blood cell
sedimentation coefficient (sec) and B/S,=15.8x10° sec™

1,
A is the area of the separation device (cm?),

g is the centrifugal acceleration (cmvsec?), which is the
radius of the separation device multiplied by the rate of
rotation squared Q? (rad/sec*), and

k is a viscosity constant=0.625, and x is a viscosity

constant based upon k and another viscosity constant
o=4.5, where:

| k+1
k+ 2

k+2 _
5 [‘ﬁT‘ = 1.272

K=

In a preferred embodiment, the systems and methods
operate free of any a sensor to measure blood hematocrit
either in the separation device or in the inlet path.

In a preferred embodiment, the systems and methods
recirculate at least a portion of plasma constituent from the
separation device at a prescribed rate Q... for mixing with
whole blood conveyed into the separation device. In this
embodiment, the systems and methods control Qg i tO
achieve a desired hematocrit H; for whole blood conveyed
into the separation device as follows:
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H,
lei-::[T -1 | %0

The various aspects of the invention are especially well
suited for on line blood separation processes.

Other features and advantages of the invention will
become apparent from the following description, thc
drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic view of a dual needle platelet
collection system that includes a controller that embodies
the features of the invention;

FIG. 2 is a diagrammatic flow chart view of the controller
and associated system optimization application that embod-
ies the features of the invention;

FIG. 3 is a diagrammatic view of the function utilities
contained within the system optimization application shown
in FIG. 2;

FIG. 4 is a diagrammatic flow chart view of the utility
function contained within the system optimization applica-
tion that derives the yield of platelets during a given pro-
cessing session;

FIG. 5 is a diagrammatic flow chart view of the utility
functions contained within the system optimization applica-
tion that provide processing status and parameter
information, generate coatrol variables for achieving opti-
mal separation efficiencies, and generate control variables
that control the rate of citrate infusion during a given
processing session;

FIG. 6 is a diagrammatic flow chart view of the utility
function contained within the system optimization applica-
tion that recommends optimal storage parameters based
upon the yicld of platelets during a given processing session;

FIG. 7 is a diagrammatic flow chart view of the utility
function contained within the systcm optimization applica-
tion that estimates the proocssmg time bcforc commencing
a given processing session;

FIG. 8 is a graphical depiction of an algorithm used by the
utility function shown in FIG. 4 expressing the relationship
between the efficiency of platelet separation in the second
stage chamber and a dimensionless parameter, which takes
into account the size of the platelets, the plasma flow rate,
the area of the chamber. and the speed of rotation;

FIG. 9 is a graph showing the relationship between the
partial pressure of oxygen and the permeation of a particular
storage container, which the utility function shown in FIG.
6 takes into account in recommending optimal storage
parameters in terms of the number of storage containers;

FIG. 10 is a graph showing the relationship between the
consumption of bicarbonate and storage thrombocytocrit for
a particular storage container, which the utility function
shown in FIG. 6 takes into account in recommending
optimal storage parameters I n terms of the volume of
plasma storage medium; and

FIG. 11 is a graph showing the efficiency of platelet
separation, expressed in terms of mean platelet volume, in
terms of inlet hematocrit, which a utility function shown in
FIG. § takes into account in generating a control variable
governing plasma recirculation during processing.

The various aspects of the invention may be embodied in
several forms without departing from its spirit or essential
characteristics. The scope of the invention is defined in the
appended claims, rather than in the specific description
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preceding them. All embodiments that fall within the mean-
ing and range of equivalency of the claims are therefore

intended to be embraced by the claims.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows in diagrammatic form an on line blood
processing system 10 for carrying out an automated platelet
collection procedure. The system 10 in many respects typi-
fies a conventional two needle blood collection network,
although a convention single needle network could also be
used. The system 10 includes a processing controller 18
embodying the features of the invention.

I. The Separation System

The system 10 includes an arrangement of durable hard-
ware elements, whose operation is governed by the process-
ing controller 18. The hardware elements include a centri-
fuge 12, in which whole blood (WB) is separated into its
various therapeutic components, like platelets, plasma, and
red blood cells (RBC). The hardware elements will also
include various pumps, which are typically peristaltic
(designated P1 to P4); and various in line clamps and valves
(designated V1 to V3). Of course, other types of hardware
elements may typically be present, which FIG. 1 does not
show, like solenoids, pressure monitors, and the like.

The system 10 typically also includes some form of a
disposable fluid processing assembly 14 used in association
with the hardware elements.

In the illustrated blood processing system 10, the assem-
bly 14 includes a two stage processing chamber 16. In use,
the centrifuge 12 rotates the processing chamber 16 to
centrifugally separate blood components. A representative
centrifuge that can be used is shown in Williamson et al U.S.
Pat. No. 5,360,542, which is incorporated herein by refer-
ence.

The construction of the two stage processing chamber 16
can vary. For example, it can take the form of double bags,
like the processing chambers shown in Cullis et al. U.S. Pat.
No. 4,146,172. Alternatively, the processing chamber 16 can
take the form of an elongated two stage integral bag, like that
shown in Brown U.S. Pat. No. 5,370.802.

In the illustrated blood processing system 10, the pro-
cessing assembly 14 also includes an array of flexible tubing
that forms a fluid circuit. The fluid circuit conveys liquids to
and from the processing chamber 16. The pumps P1-P4 and
the valves V1-V3 engage the tubing to govern the fluid flow
in prescribed ways. The fluid circuit further includes a
number of containers (designated C1 to C3) to dispense and
receive liquids during processing.

The controller 18 governs the operation of the various
hardware elements to carry out one or more processing tasks
using the assembly 14. The controller 18 also performs real
time evaluation of pmcessmg conditions and outputs infor-
mation to aid the operator in maximizing the separation and
collection of blood components. The invention specifically
concerns important attributes of the controller 18.

The system 10 can be configured to accomplish diverse
types of blood separation processes. FIG. 1 shows the
system 10 configured to carry out an automated two needle
platelet collection procedure.

In a collection mode, a first tubing branch 20 and the
whole blood inlet pump P2 direct WB from a draw needle
22 into the first stage 24 of the processing chamber 16.
Meanwhile, an auxiliary tubing branch 26 meters antico-
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agulant from the container C1 to the WB flow through the
anticoagulant pump P1. While the type of anticoagulant can
vary, the illustrated embodiment uses ACDA, which is a
commonly used anticoagulant for pheresis.

The container C2 holds saline solution. Another auxiliary
tubing branch 28 conveys the saline into the first tubing

branch 20, via the in line valve V1, for use in priming and
purging air from the system 10 before processing begins.
Saline solution is also introduced again after processing ends
to flush residual components from the assembly 14 for return
to the donor.

Anticoagulated WB enters and fills the first stage 24 of the
processing chamber 24. There, centrifugal forces generated
during rotation of the centrifuge 12 separate WB into red
blood cells (RBC) and platelet-rich plasma (PRP).

The PRP pump P4 operates to draw PRP from the first
stage 24 of the processing chamber 16 into a second tubing

branch 30 for transport to the second stage 32 of the
processing chamber 16. There, the PRP is separated into

platelet concentrate (PC) and platelet-poor plasma (PPP).

Optionally, the PRP can be convcyed through a filter F to
remove leukocytes before separation in the second stage 32.
The filter F can employ filter media containing fibers of the
type disclosed in Nishimura et al U.S. Pat. No. 4,936,998,
which is incorporated herein by reference. Filter media
containing these fibers are commercially sold by Asahi
Medical Company in filters under the trade name SEPA-
CELL.

The system 10 includes a recirculation tubing branch 34
and an associated recirculation pump P3. The processing
controller 18 operates the pump P3 to divert a portion of the
PRP exiting the first stage 24 of the processing chamber 16
for remixing with the WB entering the first stage 24 of the
processing chamber 16. The recirculation of PRP establishes
desired conditions in the entry region of the first stage 24 to
provide maximal separation of RBC and PRP.

As WB is drawn into the first chamber stage 24 for
separation, the illustrated two needle system simultaneously
returns RBC from the first chamber stage 24, along with a
portion of the PPP from the second chamber stage 32, to the
donor through a return needle 36 through tubing branches 38
and 40 and in line valve V2.

The system 10 also collects PC (resuspended in a volume
of PPP) in some of the containers C3 through tubing
branches 38 and 42 and in line valve V3 for storage and
beneficial use. Preferable, the container(s) C3 intended to
store the PC are made of materials that, when compared to
DEHP-plasticized polyvinyl chloride materials, have greater
gas permeability that is beneficial for platelet storage. For
example, polyolefin material (as disclosed in Gajewski et al
U.S. Pat. No. 4,140,162), or a polyvinyl chloride material
plasticized with tri-2-ethylhexyl trimellitate (TEHTM) can
be used.

The system 10 can also collect PPP in some of the
containers C3 through the same fluid path. The continuous
retention of PPP serves multiple purposes, both during and
after the component separation process.

The retention of PPP serves a therapeutic purpose during
processing. PPP contains most of the anticoagulant that is
metered into WB during the component separation process.
By retaining a portion of PPP instead of returning it all to the
donor, the overall volume of anticoagulant received by the
donor during processing is reduced. This reduction is par-
ticularly significant when large blood volumes are pro-
cessed. The retention of PPP during processing also keeps
the donor’s circulating platelet count higher and more uni-
form during processing.
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The system 10 can also derive processing benefits from
the retained PPP.

The system 10 can, in an alternative recirculation mode,
recirculate a portion of the retained PPP, instead of PRP, for
mixing with WB entering the first compartment 24. Or,
should WB flow be temporarily halted during processing,
the system 10 can draw upon the retained volume of PPP as
an anticoagulated “keep-open” fluid to keep fluid lines
patent. In addition, at the end of the separation process, the
system 10 draws upon the retained volume of PPP as a
“rinse-back” fluid, to resuspend and purge RBC from the
first stage compartment 24 for return to the donor through
the return branch 40. After the separation process, the
system 10 also operates in a resuspension mode to draw
upon a portion of the retained PPP to resuspend PC in the
second compartment 24 for transfer and storage in the
collection container(s) C3.

II. The System Controller

The controller 18 carries out the overall process control
and monitoring functions for the system 10 as just described.

In the illustrated and preferred embodiment (see FIG. 2),
the controller comprises a main processing unit (MPU) 44.
In the preferred embodiment, the MPU 44 comprises a type
68030 microprocessor made by Motorola Corporation,

although other types of conventional microprocessors can be
used.

In the preferred embodiment, the MPU 44 employs con-
ventional real time multi-tasking to allocate MPU cycles to
processing tasks. A periodic timer interrupt (for example,
every 5 milliseconds) preempts the executing task and
schedules another that is in a ready state for execution. If a
reschedule is requested, the highest priority task in the ready
state is scheduled. Otherwise, the next task on the list in the
ready state 1s schedule.

A. Functional Hardware Control

The MPU 44 includes an application control manager 46.
The application control manager 46 administers the activa-
tion of a library 48 of control applications (designated Al to
A3). Each control application A1-A3 prescribes procedures
for carrying out given functional tasks using the system
hardware (e.g., the centrifuge 12, the pumps P1-P4, and the
valves Y1-V3)in a predetermined way. In the illustrated and
preferred embodiment, the applications A1-A3 reside as
process software in EPROM’s in the MPU 44.

The number of applications A1-A3 can vary. In the
illustrated and preferred embodiment, the library 48 includes
at least one clinical procedure application Al. The procedure
application A1l contains the steps to carry out one prescribed
clinical processing procedure. For the sake of example in the
illustrated embodiment, the library 48 includes a procedure
application Al for carrying out the dual needle platelet
collection process, as alrcady generally described in con-
nection with FIG. 1. Of course, additional procedure appli-
cations can be, and typically will be, included. For exampie,
the library 48 can include a procedure application for
carrying out a conventional single needle platelet collection
process.

In the illustrated and preferred embodiment, the library 48
also includes a system optimization application A2. The
system optimization application A2 contains interrelated,
specialized utility functions that process information based
upon real time processing conditions and empirical estima-
tions to derive information and control variables that opti-
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mize system performance. Further details of the optimiza-
tion application A2 will be described later.

The library 48 also includes a main menu application A3,
which coordinates the selection of the various applications
Al-A3 by the operator, as will also be described in greater
detail later.

Of course, additional non-clinical procedure applications
can be, and typically will be, included. For example, the
library 48 can include a configuration application, which
contains the procedures for allowing the operator to config-
ure the default operating parameters of the system 10. As a
further example, the library 48 can include a diagnostic
application, which contains the procedures aiding service
personnel in diagnosing and troubleshooting the functional
integrity of the system. and a system restart application,
which performs a full restart of the system, should the
system become unable to manage or recover from an error
condition.

An instrument manager 50 also resides as process soft-
ware in EPROM’s in the MPU 44. The instrument manager
50 communicates with the application control manager 46.
The instrtument manager 50 also communicates with low
level peripheral controllers $2 for the pumps, solenoids,
valves, and other functional hardware of the system.

As FIG. 2 shows, the application control manager 46
sends specified function commands to the instrtument man-
ager 50, as called up by the activated application A1-A3.
The instrument manager 50 identifies the peripheral con-
troller or controllers S2 for performing the function and
compiles hardware-specific commands. The peripheral con-
trollers 52 communicate directly with the hardware to imple-
ment the hardware-specific commands, causing the hard-
ware to operatc in a specified way. A communication
manager 5S4 manages low-level protocol and communica-
tions between the instrtument manager S0 and the peripheral
controllers S2.

As FIG. 2 also shows, the instrument manager S0 also
conveys back to the application control manager 46 status
data about the operational and functional conditions of the
processing procedure. The status data is expressed in terms
of, for example, fluid flow rates, sensed pressures, and fluid
volumes measured.

The application control manager 46 transmits selected
status data for display to the operator. The application
control manager 46 transmits operational and functional
conditions to the procedure application Al and the perfor-
mance monitoring application A2.

B. User Interface Control

In the illustrated embodiment, the MPU 44 also includes
an interactive user interface $8. The interface 58 allows the
operator to view and comprehend information regarding the
operation of the system 10. The interface 88 also allows the
operator to select applications residing in the application
control manager 46, as well as to change certain functions
and performance criteria of the system 19.

The interface 88 includes an interface screen 60 and,
preferably, an audio device 62. The interface screen 60
displays information for viewing by the operator in alpha-
numeric format and as graphical images. The audio device
62 provides audible prompts cither to gain the operator’s
attention or to acknowledge operator actions.

In the illustrated and preferred embodiment, the interface
screen 60 also serves as an input device. It receives input

from the operator by conventional touch activation. Alter-
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natively or in combination with touch activation, a mouse or
keyboard could be used as input devices.

An interface confroller 64 communicates with the inter-
face screen 60 and audio device 62. The interface controller
64, in turn, communicates with an interface manager 66,
which in turn communicates with the application control
manager 46. The interface controller 64 and the interface
manager 66 reside as process software in EPROM’s in the
MPU 4.

Further details of the interface 58 are disclosed in copend-
ing application Ser. No. xxx.

C. The System Optimization

APPLICATION

In the illustrated embodiment (as FIG. 3 shows), the
system optimization application A2 contains six specialized
yet interrelated utility functions, designated F1 to Fé. Of
course, the number and type of utility functions can vary.

In the illustrated embodiment, a utility function F1
derives the yield of the system 10 for the particular cellular
component targeted for collection. For the platelet collection
procedure application Al, the utility function F1 ascertains
both the instantaneous physical condition of the system 10
in terms of its separation efficiencies and the instantaneous
physiological condition of the donor in terms of the number
of circulating platelets available for collection. From these,
the utility function F1 derive the instantaneous yield of
platelets continuously over the processing period.

Yet another utility function F2 relies upon the calculated
platelet yield and other processing conditions to generate
selected informational status values and parameters. These
values and parameters are displayed on the interface 58 to
aid the operator in establishing and maintaining optimal
performance conditions. The status values and parameters
derived by the utility function F2 can vary. For example, 1n
the illustrated embodiment, the utility function F2 reports
remaining volumes to be processed, remaining processing
times, and the component collection volumes and rates.

Another utility function F3 calculates and recommends,
based upon the platelet yield derived by the utility function
F1, the optimal storage parameters for the platelets in terms

" of the number of storage containers and the volume amount
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of PPP storage media to use.

Other utility functions generate control variables based
upon ongoing processing conditions for use by the applica-
tions control manager 46 to establish and maintain optimal
processing conditions. For example, one utility function F4
generates control variables to optimize platelet separation
conditions in the first stage 24. Another utility function FS
generates control variables to control the rate at which
citrate anticoagulant is returned with the PPP to the donor to

avoid potential citrate toxicity reactions. .

Yet another utility function Fé derives an estimated pro-
cedure time, which predicts the collection time before the
donor is connected.

Further details of these utility functions F1 to Fé will now
be described in greater detail.

II1. Deriving Platelet Yield

The utility function F1 (see FIG. 4) makes continuous
calculations of the platelet separation efficiency (Mp,) of the
system 10. The utility function F1 treats the platelet sepa-
ration efficiency 1\, as being the same as the ratio of plasma
volume separated from the donor’s whole blood relative to
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the total plasma volume available in the whole blood. The
utility function F1 thereby assumes that every platelet in the
plasma volume separated from the donor’s whole blood will
be harvested.

The donor’s hematocrit changes due to anticoagulant
dilution and plasma depletion effects during processing, so
the separation efficiency 1, does not remain at a constant
value, but changes throughout the procedure. The utility
function F1 contends with these process-dependent changes
by monitoring yields incrementally. These yields, called
incremental cleared volumes (ACIrVol), are calculated by
multiplying the current separation efficiency Mg, by the
current incremental volume of donor whole blood, diluted
with anticoagulant, being processed, as follows:

ACIrVol=ACDiIXNp XAVOL g, Eq (1)

where:

AVol,, . is the incremental whole biood volume being
processed, and

ACDiIil is an anticoagulant dilution factor for the incre-
mental whole blood volume, computed as follows:

AC

__AC Eq (2)
AC+ 1

ACDil =

where:

AC is the selected ratio of whole blood volume to
anticoagulant volume (for example 10:1 or *107). AC
may comprise a fixed value during the processing
period. Alternatively, AC may be varied in a staged
fashion according to prescribed criteria during the
processing period.

For example, AC can be set at the outset of processing at

a lesser ratio for a set initial period of time, and then
increased in steps after subsequent time periods; for
example, AC can be set at 6:1 for the first minute of
processing, then raised to 8:1 for the next 2.5 to 3 minutes;
and finally raised to the processing level of 10:1.

The introduction of anticoagulant can also be staged by
monitoring the inlet pressure of PRP entering the second
processing stage 32. For example, AC can be set at 6:1 until
the initial pressure (e.g. at SO0 mmHg) falls to a set threshold
level (e.g., 200 mmHg to 300 mmHg). AC can then be raised
in steps up to the processing level of 10:1, while monitoring
the pressure to assure it remains at the desired level.

The utility function F1 also makes continuous estimates
of the donor’s current circulating platelet count (Plt.;,.),
expressed in terms of 1000 platelets per microliter (ul) of
plasma volume (or k/ul). Like 1 p,,, Plt,;,. will change during
processing due to the effects of dilution and depletion. The
utility function F1 incrementally monitors the platelet yield
in increments, too, by multiplying each incremental cleared
plasma volume ACIrVol (based upon an instantaneous cal-
culation of mMp,) by an instantancous estimation of the
circulating platelet count Pit;. The product is an incremen-
tal platelet yield (Ayld), typically expressed as " platelets,
where "e=0.5x10 platelets (e''=0.5x10"" platelets).

At any given time, the sum of the incremental platelet
yields AY1d constitutes the current platelet yield Yld.,,, ...
which can also be expressed as follows:

ACIrVol X Pltcey
YidCurene = Yidou + ——To5000

where:

Eq (3)
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10
Yld,,, is the last calculated Yld,, .., and
ACIrVol X Pltcurrem | Eq (4)
AYld=——T000

where: -

Pit. ., is the current (instantaneous) estimate of the
circulating platelet count of the donor.

AY1d is divided by 100,000 in Eq (4) to balance units.

The following provides further details in the derivation of
the above-described processing variables by the utility func-
tion F1.

A. Deriving Overall Separation Efficiency 1\p,,

The overall system efficiency 1Mp,, is the product of the
individual efficiencies of the parts of the system, as
expressed as follows:

Nt~ Maeser”N2ndser”NAnc Eq (5)

where:

TN1issep 15 the efficiency of the separation of PRP from WB
in the first separation stage.

Nondsep is the efficiency of separation PC from PRP in the
second separation stage.

N is the product of the efficiencies of other ancillary
processing steps in the system.

1. First Stage Separation Efficiency

The utility function F1 (see FIG. 4) derives N, 4s,,, COD-
tinuously over the course of a procedure based upon mea-
sured and empirical processing values, using the following
expression:

0,
NS =TT—Hy) 05

where:

Q, is the measured whole blood flow rate (in ml/min).

Q,, is the measured PRP flow rate (in ml/min).

H, is the apparent hematocrit of the anticoagulated whole
blood entering the first stage separation compartment.
H, is a value derived by the utility based upon sensed
flow conditions and theoretical considerations. The
utility function F1 therefore requires no on-line hema-
tocrit sensor to measure actual WB hematocrit.

The utility function F1 derives H, based upon the fol-
lowing relationship:

Eq (6)

_ HnelQs — 0p) Eq (7)

Hy = A

where:

H . _is the apparent hematocrit of the RBC bed within the
first stage separation chamber, based upon sensed oper-
ating conditions and the physical dimensions of the first
stage separation chamber. As with H,, the utility func-
tion F1 requires no physical sensor to determine H_,,_,
which is derived by the utility function according to the
following expression:

—_— Eq (8)

k+1

Hm=1-( (qb-ip))

gAXSY

where:

q,, is inlet blood flow rate (cm’/sec), which is a known.
quantity which, when converted to ml/min, corre-

sponds with Q, in Eq (6).



5,730,883

11

g, is measured PRP flow rate (in cm’/sec), which is a
known quantity which, when converted to ml/min
corresponds with Q, in Eq (6).

B is a shear rate dependent term. and Sy is the red blood
cell sedimentation coefficient (sec). Based upon empiri-
cal data, Eq (8) assumes that f/S,=15.8x10° sec™".

A is the area of the separation chamber (cm?®), which is a
known dimension.

g is the centrifugal acceleration (cm/sec®), which is the
radius of the first separation chamber (a known
dimension) multiplied by the rate of rotation squared
Q? (rad/sec?) (another known quantity).

k is a viscosity constant=0.625, and x is a viscosity
constant based upon k and another viscosity constant
o=4.5. where:

k+1

_ k+2 k+2 _
k=="20 _kﬂ_] =1.272

Eq (8) is derived from the relationships expressed in the
following Eq (10): |

BHuqs

Hrol1 — Hype Y240 =
A -

set forth in Brown, The Physics of Continuous Flow Cen-
trifugal Cell Separation, “Attificial Organs” 1989; 13(1)
:4-20)). Eq (8) solves Eq (10) for H ..

2. The Second Stage Separation Efficiency 1,,45.,

The utility function F1 (see FIG. 4) also derives 1),,4s,,
continuously over the course of a procedure based upon an
algorithm, derived from computer modeling, that calculates
what fraction of log-normally distributed platelets will be
collected in the second separation stage 32 as a function of
their size (mean platelet volume, or MPV), the flow rate
(Q,). area (A) of the separation stage 32, and centrifugal
acceleration (g, which is the spin radius of the second stage
multiplied by the rate of rotation squared Q).

The algorithm can be expressed in terms of a function

shown graphically in FIG. 8. The graph plots 13,45, iR
terms of a single dimensionless parameter gAS /Q,,.
where:

8S,=1.8x107" MPV?? (sec),

and

MPYV is the mean platelet volume (femtoliters, f1, or cubic
microns), which can be measured by conventional
techniques from a sample of the donor’s blood col-
lected before processing. There can be variations in
MPV due to use of different counters. The utility
function therefore may include a look up table to
standardize MPV for use by the function according to
the type of counter used. Alternatively, MPV can be
estimated based upon a function derived from statistical
evaluation of clinical platelet precount Pltppo data,
which the utility function can use. The 1nventor
beliecves, based upon his evaluation of such clinical
data, that the MPV function can be expressed as:

MPV(f1)~11.5-0.009P1t p 0 (k/l)
3. Ancillary Separation
Efficiencies 1,,..

.. takes into account the efficiency (in terms of platelet
loss) of other portions of the processing system. 1, takes

Eq (9)

Eq (10)
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into account the efficiency of transporting platelets (in PRP)
from the first stage chamber to the second stage chamber; the
efficiency of transporting platelets (also in PRP) through the
leukocyte removal filter; the efficiency of resuspension and
transferral of platelets (in PC) from the second stage cham-
ber after processing; and the efficiency of reprocessing
previously processed blood in either a single needle or a
double needle configuration.

The efficiencies of these ancillary process steps can be
assessed based upon clinical data or estimated based upon
computer modeling. Based upon these considerations, a
predicted value for 1,,,. can be assigned, which Eq (3) treats
as constant over the course of a given procedure.

B. Deriving Donor Platelet Count (Plt.,,)

The utility function F1 (see FIG. 4)relies upon a kinetic
model to predict the donor’s current circulating platelet
count Plt.,  during processing. The model estimates the
donor’s blood volume, and then estimates the effects of
dilution and depletion during processing, to derive Plt;,.
according to the following relationships:

Plt g, =[(Dilution)<Plt,,, ] {Depletion) Eq (11)

where:

Plt,, is the donor’s circulating platelet count before
processing begins (k/pl), which can be measured by
conventional techniques from a sample of whole blood
taken from the donor before processing. There can be
variations in Plt,,, due to use of different counters (see,
e.g., Peoples et al., “A Multi-Site Study of Variables
Affecting Platelet Counting for Blood Component
Quality Control,” Transfusion (Special Abstract
Supplement, 47th Annual Meeting), v. 34, No. 108,
October 1994 Supplement). The utility function there-
fore may include a look up table to standardize all
platelet counts(such as, Pit,,. and Pltpost, described
later) for use by the function according to the type of
counter used.

Dilution is a factor that reduces the donor’s preprocessing
circulating platelet count Plt, due to increases in the
donor’s apparent circulating blood volume caused by the
priming volume of the system and the delivery of antico-
agulant. Dilution also takes into account the continuous
removal of fluid from the vascular space by the kidneys
during the procedure. |

Depletion is a factor that takes into account the depletion
of the donor’s available circulating platelet pool by process-
ing. Depletion also takes into account the counter mobili-
zation of the spleen in restoring platelets into the circulating
blood volume during processing.

1. Estimating Dilution

The utility function F1 estimates the dilution factor based
upon the following expression: |

Prime+—2‘—‘§-"i _ PPP

Dilution=1 —
DonVol

where:

Prime is the priming volume of the system (ml).

ACD is the volume of anticoagulant used (current or
end-point, depending upon the time the derivation is made)
(ml). | '

PPP is the volume of PPP collected (current or goal) (mi).

DonVol (ml) is the donor’s blood volume based upon
models that take into account the donor’s height, weight, and

Eq (12)
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sex. These models are further simplified using empirical data
to plot blood volume against donor weight linearized
through regression to the following, more streamlined
expression:

DonVol=1024+51Wg(r’=0.87) Eq (13)

where:
Wgt is the donor’s weight (kg).

2. Estimating Depletion

The continuous coliection of platelets depletes the avail-
able circulating platelet pool. A first order model predicts
that the donor’s platelet count is reduced by the platelet yield
(Y1ld) (current or goal) divided by the donor’s circulating
blood volume (DonVol), expressed as follows:

100,000Y1d

Depl= ﬁnVai

where:

Yld is the current instantaneous or goal platelet yield
(k/pl). In Eq (14), Yld is multiplied by 100,000 to
balance units.

Eq (14) does not take into account splenic mobilization of
replacement platelets, which is called the splenic mobiliza-
tion factor (or Spleen). Spleen indicates that donors with low
platelets counts nevertheless have a large platelet reserve
held in the spleen. During processing, as circulating platelets
are withdrawn from the donor’s blood, the spleen releases
platelets it holds in reserve into the blood, thereby partially
offsetting the drop in circulating platelets. The inventor has
discovered that, even though platelet precounts vary over a
wide range among donors, the total available platelet vol-
ume remains remarkably constant among donors. An aver-
age apparent donor volume is 3.1040.25 ml of platelets per
liter of blood. The coefficient of variation is 8.1%, only
slightly higher than the coefficient of variation in hematocrit
seen in normal donors.

The inventor has derived the mobilization factor Spleen
from comparing actual measured depletion to Depl (Eq
(14)), which is plotted and linearized as a function of Plt,,..
Spleen (which is restricted to a lower limit of 1) is set forth
as follows:

Eq (14)

Spleen={2.25-0.004Plt,, |2 1 Eq (15)

Based upon Eqs (14) and (15), the utility function derives
Depletion as follows:

100,000Y1d

Depletion = 3 < DonVo

C. Real Time Procedure Modifications

The operator will not always have a current platelet
pre-count Pt for every donor at the beginning of the
procedure. The utility function F1 allows the system to
launch under default parameters, or values from a previous
procedure. The utility function F1 allows the actual platelet
pre-count Plt,,.. to be entered by the operator later during
the procedure. The utility function F1 recalculates platelet
yields determined under one set of conditions to reflect the
newly entered values. The utility function F1 uses the
current yield to calculate an effective cleared volume and
then uses that volume to calculate the new current yield,
preserving the platelet pre-count dependent nature of splenic
mobilization.

Eq (16)
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The utility function F1 uses the current yield to calculate
an effective cleared volume as follows:

Eq (17)
100,000 X DonVol X Yldcurrent
ACD . PPP 50,000 X Yldcurre
[DOHVGI Prime — s 2 2 ]XPMW W
where:

ClrVol is the cleared plasma volume.

DonVol is the donor’s circulating blood volume, calcu-
lated according to Eq (13).

Yld -, ,,..., is the current platelet yield calculated according
to Eq (3) based upon current processing conditions.

Prime is the blood-side priming volume (ml).
ACD is the volume of anticoagulant used (ml).
PPP is the volume of platelet-poor plasma collected (ml).

Pre,,, is the donor’s platelet count before processing
entered before processing begun (k/ul).

Splezmalli,,_;,.,,‘:1r is the splenic mobilization factor calculated

using Eq (16) based upon Pre,,.
The utility function F1 uses ClrVol calculated using Eq

(17) to calculate the new current yield as follows:
18
DonVol — Prime — %‘2 +!ﬂ £q (18)
Yldpew = —_WW__ %
DonVol t X Spleennen
[ ClrVol X PreNew ]
— 100,000
where:

Pre,,., is the revised donor platelet pre-count entered
during processing (k/pl).
Yld,.,. is the new platelet yield that takes into account the

revised donor platelet pre-count Pre,,,,.-

ClrVol is the cleared plasma volume, calculated according
to Eq (17).

DonVol is the donor’s circulating blood volume, calcu-
lated according to Eq (13), same as in Eq (17).

Prime is the blood-side priming volume (ml), same as in
Eq (17).

ACD is the volume of anticoagulant used (ml), same as in
Eq (17).

PPP is the volume of platelet-poor plasma collected (ml),
same as in Eq (17).

Spleen,,,,, is the splenic mobilization factor calculated
using Eq (15) based upon Pre,,,,.

IV. Deriving Other Processing Information

The utility function F2 (sec FIG. 5) relies upon the
calculation of Yld by the first utility function F1 to derive
other informational values and parameters to aid the opera-
tor in determining the optimum operating conditions for the
procedure. The follow processing values exemplify deriva-
tions that the utility function F2 can provide.

A. Remaining Volume to be Processed

The utility function F2 calculates the additional processed
volume needed to achieve a desired platelet yield Vb,,,,, (in
ml) by dividing the remaining yield to be collected by the
expected average platelet count over the remainder of the
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procedure, with corrections to reflect the current operating
efficiency Mg, The utility function F2 derives this value
using the following expression:

200,000 X (YidGeat — Yldcurmens)
VPrem = Nipy X ACDH X (PltCurrent + P BPoxt)

where:
Yld.; is the desired platelet yield (k/pl),
where:

Vb, is the additional processing volume (ml) needed to
achieve Yld_;.

Yld_. .., is the current platelet yield (k/pl), calculated
using Eq (3) based upon current processing values.

Np, is the present (instantaneous) platelet collection
efficiency, calculated using Eq (5) based upon current

processing values.
ACDil is the anticoagulant dilution factor (Eq (2)).

Pit_,,. .. is the current (instantaneous) circulating donor
platelet count, calculated using Eq (11) based upon
current processing values.

Plt, .. is the expected donor platelet count after
processing, also calculated using Eq (11) based upon
total processing values.

B. Remaining Procedure Time

The utility function F2 also calculates remaining collec-
tion time (t,,,) (in min) as follows:

Eq (19)

V8 rom Eq (20)
o=

where:

Vb,,,, is the remaining volume to be processed, calculated
using Eq (19) based upon current processing condi-
tions.

Q, is the whole blood flow rate, which is either set by the
user or calculated as Qb,,, using Eq (31), as will be
described later.

C. Plasma Collection

The utility function F2 adds the various plasma collection
requirements to derive the plasma collection volume

(PPP,_.) (in ml) as follows:

PPP o o=PPPp A+ PPP M+PPPM+PPPM
+PPP . tCham

Eq(21)

where:

PPP,_ is the platelet-poor plasma volume selected for the
PC product, which can have a typical default value of

250 ml, or be calculated as an optimal value Pl¢,,
according to Eq (28), as will be described later.

PPP._. .. is the platelet-poor plasma volume selected for
collection as source plasma.

PPP,,_ . is the platelet-poor plasma volume selected to be
held in reserve for various processing purposes
(Default=30 ml).

PPP - ,cnam 1S the volume of the plasma collection cham-
ber (Default=40 ml).

PPPW, is the 'platclct-pocgr plasma volume that will be
reinfusion during processing.
D. Plasma Collection Rate

The utility function F2 calculates the plasma collection
rate (Qppp) (in ml/min) as follows:
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PPPoci — PPPCurvent

r!'l'.l'l

Eq (22)

QOppp =

where:

PPP_. ., is the desired platelet-poor plasma collection
volume (ml).

PPP_ . is the current volume of platelet-poor plasma
collected (ml).

t,., is the time remaining in collection, calculated using
Eq (20) based upon current processing conditions.

E. Total Anticipated AC Usage
The utility function F2 can also calculate the total volume
of anticoagulant expected to be used during processing
(ACDg,. ) (in ml) as follows:

Qb X trem Eq (23)

ACD&“{ = ACDCM + W

where:

ACD,.,.,.., 18 the current volume of anticoagulant used
(ml).

AC is the selected anticoagulant ratio.

Q, is the whole blood flow rate, which is either set by the

user or calculated using Eq (31) as Qb,,, based upon
current processing conditions.

t .., is the time remaining in collection, calculated using
Eq (20) based upon current processing conditions.

V. Recommending Optimum Platelet Storage
Parameters

The utility function F3 (see FIG. 6) relies upon the
calculation of Yld by the utility function F1 to aid the
operator in determining the optimum storage conditions for
the platelets collected during processing. |

The utility function F3 derives the optimum storage
conditions to sustain the platelets during the expected stor-
age period in terms of the number of preselected storage
containers required for the platelets Pltg,, and the volume of
plasma (PPP) Plt,,,, (in ml) to reside as a storage medium
with the platelets. '

The optimal storage conditions for platelets depends upon
the volume being stored Plt,,,, expressed as follows:

Plt, ~YIdxMPV Eq (24)

where:

Yld is the number of platelets collected, and

MPYV is the mean platelet volume.

As Plt,,, increases, so too does the platelets’ demand for
oxygen during the storage period. As Plt,,, increases, the
platelets’ glucose consumption to support metabolism and
the generation of carbon dioxide and lactate as a result of
metabolism also increase. The physical characteristics of the
storage containers in terms of surface area, thickness, and -
material are selected to provide a desired degree of gas
permeability to allow oxygen to enter and carbon dioxide to
escape the container during the storage period.

The plasma storage medium contains bicarbonate HCO,,

which buffers the lactate generated by platelet metabolism,
keeping the pH at a level to sustain platelet viability. As

Plt,,, increases, the demand for the buffer effect of HCO,,
and thus more plasma volume during storage, also increases.

A. Deriving Pity,,

The partial pressure of oxygen pO, (mmHg) of plateiets
stored within a storage container having a given permeation
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decreases in relation to the total platelet volume Plty,, the
container holds. FIG. 9 is a graph based upon test data
showing the relationship between pO, measured after one
day of storage for a storage container of given permeation.
The storage container upon which FIG. 9 is based has a 5
surface area of 54.458 in® and a capacity of 1000 ml. The
storage container has a permeability to O, of 194 cc/100
in?/day, and a permeability to CO, 1282 cc/100 in*/day.

When the partial pressure pO, drops below 20 mmHg,
platelets are observed to become anaerobic, and the volume
of lactate byproduct increases significantly. FIG. 9 shows
that the selected storage container can maintain pO, of 40
mmHg (well above the aerobic region) at Plty,;=4.0 ml. On
this conservative basis, the 4.0 ml volume is selected as the
target volume Plt,, for this container. Target volumes
Pit,y,, for other containers can be determined using this
same methodology.

~ The utility function F3 uses the target platelet volume
Plt,,,, to compute Pltg,, as follows:

10

15

20
!
BAG=—F1—P :V: Eq (2%)
and:
Pitg, =1 when BAG=1.0, otherwise 25

Pltaag=[BAG+1], where [BAG+1] is the integer part of

the quantity BAG+1.

For example, given a donor MPV of 9.5 fl, and a Yld of
4x10'! platelets (Plt,,~=3.8 ml), and given Plt,y, ~4.0 ml,
BAG=0.95, and Pltg, ~1. If the donor MPV is 11.0 fl and the
yield Yld and Pltm_.“t remain the same (Pit,_ =4.4 ml),
BAG=1.1 and Pltg, =2.

When Pitg, >1, Pltm is divided equally among the num-
ber of containers ca]led for.

30

35
B. Deriving Plt,,,

The amount of bicarbonate used each day is a function of
the storage thmmbocytocnt Tct (%), which can be ex;resscd

as follows:
40

Eq (26)

The relationship between bicarbonate HCO, consumption
per day and Tct can be empirically determined for the 45
selected storage container. FIG. 10 shows a graph showing
this relationship for the same container that the graph in FIG.

9 is based upon. The y-axis in FIG. 10 shows the empirically
measured consumption of bicarbonate per day (in Meq/L)
based upon Tct for that container. The utility function F3 50
includes the data expressed in FIG. 10 in a look-up table.

The utility function F3 derives the anticipated decay of
bicarbonate per day over the storage period AHCO, as

follows:
55

Eq(27)

where:

Dong, -5 is the measured bicarbonate level in the donor’s 60
blood (Meg/L.), or alternatively, is the bicarbonate level
for a typical donor, which is believed to be 19.0

Meq/L*1.3, and
Stor is the desired storage interval (in days, typically
between 3 to 6 days).
Given AHCO,, the utility function F3 derives Tct from the
look up table for selected storage container. For the storage

65
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container upon which FIG. 10 is based, a Tct of about 1.35

to 1.5% is believed to be conservatively appropriate in most
instances for a six day storage interval.

Knowing Tct and Pit,,,, the utility function F3 computes
Plt,,., based upon Eq (25), as follows:

Pltyy Eq (28)

P"“‘FT

When Plt,, >1, Plt,,, is divided equally among the
number of containers called for. PPPp- is set to Plt,,_; 1n Eq
(21).

V1. Deriving Control Variables

The utility functions F4 and FS rely upon the above-
described matrix of physical and physiological relationships
to derive process control variables, which the application
control manager 46 uses to optimize system performance.
The follow control variables exemplify derivations that the
utility functions F4 and FS can provide for this purpose.

A. Promoting High Platelet Separation Efficiencies
By Recirculation

A high mean platelet value MPV for collected platelets is
desirable, as it denotes a high separation efficiency for the
first separation stage and the system overall. Most platelets
average about § to 10 femtoliters, as measured by the
Sysmex K-1000 machine (the smallest of red blood cells
begin at about 30 femtoliters). The remaining minority of the
platelet population constitutes platelets that are physma]ly
larger. These larger platelets typically occupy over 15x10™
liter per platelet, and some are larger than 30 femtoliters.

These larger platelets settle upon the RBC interface in the
first separation chamber quicker than most platelets. These
larger platelets are most likely to become entrapped in the
RBC interface and not enter the PRP for collection. Efficient
separation of platelets in the first separation chamber lifts the
larger platelets from the interface for collection in the PRE.
This, in turn, results a greater population of larger platelets
in the PRP, and therefore a higher MPV.

FIG. 11, derived from clinical data, shows that the effi-
ciency of platelet separation, expressed in terms of MPV, is
highly dependent upon the inlet hematocrit of WB entering
the first stage processing chamber. This is especially true at
hematocrits of 30% and below, where significant increases
in separation efficiencies can be obtained.

Based upon this consideration, the utility function F4 sets
a rate for recirculating PRP back to the inlet of the first
separation stage Qp._.... t0 achieve a desired inlet hematocrit
H. selected to achieve a high MPV. The utility function F4
selects H. based upon the following red cell balance equa-
tion:

Hp Eq (29)
QM:[T —-1 | X

In a preferred implementation, H; is no greater that about
40%, and, most preferably, is about 32%.

B. Clitrate Infusion Rate

Citrate in the anticoagulant is rapidly metabolized by the
body, thus allowing its continuous infusion in returned PPP
during processing. However, at some level of citrate
infusion, donors will experience citrate toxicity. These reac-
tions vary in both strength and nature, and different donors
have different threshold levels. A nominal a-symptomatic



5,730,883

19

citrate infusion rate (CIR), based upon empirical data, is
believed to about 1.25 mg/kg/min. This is based upon
empirical data that shows virtually all donors can tolerate
apheresis comfortably at an anticoagulated blood flow rates
of 45 ml/min with an anticoagulant (ACD-A anticoagulant)
ratio of 10:1.

Taking into account that citrate does not enter the red
cells, the amount given to the donor can be reduced by
continuously collecting some fraction of the plasma
throughout the procedure, which the system accomplishes.
By doing so, the donor can be run at a higher flow rate than

would be expected otherwise. The maximum a-symptomatic
equivalent blood flow rate (EqQb.,,) (in ml/min) under

these conditions 1s believed to be:

_ CIRX(AC+ 1) x Wzt
Equan—ﬁTL—s—lm pa—

where:

CIR is the selected nominal a-symptomatic citrate infu-
sion rate, or 1.25 mg/kg/min.

AC is the selected anticoagulant ratio, or 10:1.

Wgt is the donor’s weight (kg).

CitrateConc is the citrate concentration in the selected
anticoagulant. which is 21.4 mg/ml for ACD-A anticoagu-
lant.

Eq (30)

C. Optimum Anticoagulated Blood Flow

The remaining volume of plasma that will be returned to
the donor is equal to the total amount available reduced by

the amount still to be collected. This ratio 1s used by the
utility function FS (see FIG. §) to determine the maximum,
or optimum, a-symptomatic blood flow rate (Qb,,,) (in
ml/min) that can be drawn from the donor, as follows:

(1 —Hp) X VDrom

Pon =T X Vo~ 2P0

(PPPM_PPPCWM)

Eq(31)

where:

H, is the anticoagulated hematocrit, calculated using Eq
(7) based upon current processing conditions.

Vb, is the remaining volume to be processed, calcu-
lated using Eq (19) based upon current processing
conditions.

EqQB_; is the citrate equivalent blood flow rate, calcu-
lated using Eq (30) based upon current processing
conditions.

PPP___, is the total plasma volume to be collected (ml).

PPP. ... 1is the current plasma volume collected (ml).

VIL Estimated Procedure Time

The utility function Fé (see FIG. 7) derives an estimated
procedure time (t)(in min), which predicts the collection
time befare the donor is connected. To derive the estimated
procedure time t, the utility function Fé requires the operator
to input the desired yield Yld;__, and desired plasma col-
lection volume PPP_.,, and further requires the donor
weight Wgt, platelet pre-count Pltg,,. and hematocrit H, or
a defanlt estimate of it. If the operator wants recommended
platelet storage parameters, the utility function requires
MPV as an input. |

The utility function Fé derives the estimated procedure
time t as follows:
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_ b+ N 52— dac Eq (32)
- 2a
where:
H,,—H 33
0=~ Tgr EaQban B
(Heog — Hy — \HsEqQbCir)PPP Eq (34)
b= — e Hg, PV
(1 -Hpy ol
_[ pv_ PPP AH,PPP Eq (33)
C'[ (1- Hyy ] (T—H)
and where:
H,, is a linearized expression of the RBC hematocrit
Hxzpc, as follows:
H, ~0.9489—AH,EqQb 1x Eq (36)
where:
H, is the donor’s anticoagulated hematocrit, actual or
default estimation.
EqQb,; is the maximum a-symptomatic equivalent
blood flow rate calculated according to Eq (30).
and
, _ 61,463 Eq (37)
{)z
where:

Q is the rotation speed of the processing chamber (rpn).
and where:

PPP is the desired volume of plasma to be collected (ml).

PV is the partial processed volume, which is that volume
that would need to be processed if the overall separation
efficiency Np,, was 100%, derived as follows:

ClrVol

~ Eq (38)
Py= MAne X T2ndSep XAZ:ﬁIJ

where:

ACDil is the anticoagulant dilution factor (Eq (2)).
ChVol is the cleared volume, derived as:

Irvel = Eq (39)

100,000 X DonVol X Yld

ACD
[DonVal—Pﬁm——?,E +f§5] }(Pftp"—%ﬂi

where:

Yld is the desired platelet yield.
- DonVol is the donor’s blood volume=1024+51 Wgt (ml).

Prime is the blood side priming volume of the system
(ml).

ACD,., is the estimated anticoagulant volume to be used
(ml).

Plt,,. is the donor’s platelet count before processing, or a
default estimation of it.

Spleen is the is the splenic mobilization factor calculated

using Eq (16) based upon Plt,,..
The function F6 also derives the volume of whole blood

needed to be processed to obtain the desired Yld, ;. This
processing volume, WBVol, is expressed as follows:
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PPPcoar
WBVol =1 x qubag 4 m—— + WBres

where:
t is the estimated procedure time derived according to

Eq(32).

H, is the donor’s anticoagulated hematocrit, actual or
default estimation.

EqQb;. is the maximum a-symptomatic equivalent
blood flow rate calculated according to Eq (30).

PPP_,,; is the desired plasma collection volume.

WB s is the residual volume of whole blood left in the
system after processing, which is a known system
variable and depends upon the priming volume of the
system.

Various features of the inventions are set forth in the

following claims.

I claim:

1. A blood processing system comprising

a centrifugal separation device rotatable about a rotational
axis at a controlled rate of rotation, the separation
device having an area A,

an inlet path including a pump operable at a prescribed
rate Q, to convey whole blood having an actual whole
blood hematocrit value into the separation device for
separation into red blood cells and a plasma
constituent, the red blood cells in the separation device
having an actual red blood cell hematocrit value,

an outlet path including a pump operable at a prescribed
rate Q, to remove plasma constituent from the separa-
tion device at least in part while whole is conveyed into
the separation device,

an outlet path to remove red blood cells from the sepa-
ration device at least in part while whole blood is
conveyed into the separation device and plasma is
removed from the separation device,

a controller including a stage operable to derive a value
H ,_representing an apparent hematocrit of red blood
cells within the separation device at least in part while
whole blood is conveyed into the separation device and
plasma and red blood cells are removed from the
separation device, where:

Hrh:#(QthrA-g!m

where:

g represents a centrifugal acceleration factor based upon
the controlled rate of rotation, and

RBC represents at least onec red blood cell dependent
factor not including the actual red blood cell hematocrit
value,

the controller including a stage operable to derive a value

- H, representing an apparent hematocrit of whole blood
entering the separation device at least in part while
whole blood is conveyed into the separation device and
plasma and red blood cells are removed from the
separation device, based upon a relationship among

, and not including the actual whole blood

Hrbc? Qba Qp
hematocrit value, expressed as follows:
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__Hoe Qs - 0))

Hy O

, and
the controller including a stage operable to generate a

control command at least in part while whole blood is

conveyed into the separation device and plasma and red
blood cells are removed from the separation device,

based, at least in part, upon H,.

2. A system according to claim 1

wherein the control command recirculates at least a
portion of plasma constituent for mixing with whole
blood conveyed into the separation device.

3. A system according to claim 1

wherein the control command controls Q,.

4. A system according to claim 1

and further including an element that generates an output
based, at least in part, upon H,.

5. A system according to claim 4

wherein the output comprises a value 1 representing
efficiency of separation in the separation device, where:

_— QF
n ~ (1-Hy) Os

6. A system according to claim 1

wherein the value H ,_ represents apparent hematocrit of
red blood cells in the separation device, where:

Hpe=1 —(ﬁ (Qb-qp))

where:

q, is inlet blood flow rate (cm’/sec), which when con-
verted to ml/min, corresponds with Q,,

q, is measured plasma flow rate (in cm’/sec), which,
when converted to ml/min corresponds with Q,,

B is a shear rate dependent term, and Sy is a red blood cell
sedimentation coefficient (sec) and B/S,=15.8x10° sec™
i, |

A is the area of the separation device (cm®),

g is the centrifugal acceleration (cm/sec®), which is the
radius of the separation device multiplied by the rate of
rotation squared (rad/sec”), and

k is a viscosity constant=.625, and x is a viscosity
constant based upon k and another viscosity constant
0=4.5, where:

1

k+1

k+1
_ k+2 k+2 _
=g 7:T'1_] =120

7. A system according to claim 6

wherein the separation device is free of any sensor
operating to measure the actual whole blood hematocrit
value.

8. A system according to claim 1

wherein the inlet path is free of any sensor operating to
measure the actual whole blood hematocrit value.
9. A system according to claim 1

wherein H; is about 32%.
10. A system according to claim 1

wherein the separation device is free of an sensor to
measure the actual red blood cell hematocrit value.
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11. A blood processing system comprising

a centrifugal separation device rotatable at a controlled
rate of rotation, the separation device having an arca A,

an inlet path including a pump operable at a prescribed
rate Q,, to convey whole blood having an actual whole
blood hematocrit value into the separation device for
separation into red blood cells and a plasma
constituent, the red blood cells in the separation device
having an actual red blood cell hematocrit value,

an outlet path including a pump operable at a prescribed
rate Q, to remove plasma constituent from the separa-
tion device at least in part while whole blood is
conveyed into the separation device,

a recirculation path including a pump operable at a
prescribed rate Qg t0 recirculate at least a portion of
the plasma constituent for mixing with whole blood
conveyed into the separation device,

an outlet path operable to remove red blood cells from the
separation device at least in part while whole blood is
conveyed into the separation device and plasma is
removed from the separation device,

a controller coupled to the recirculation path pump oper-
able to set Qp, i t0 achieve a desired hematocrit H; for
whole blood conveyed into the separation device at
least in part while red blood cells are removed from the
separation device and plasma constituent removed
from the separation device is recirculated for mixing
with whole blood conveyed into the device, as follows:

H, |
th:[_ﬂi_*l X O

where H,, is a value representing an apparent hematocrit
of whole blood cntering the separation device based
upon a relationship among H, ., Q. Q,. and not
including the actual whole blood hematocrit value,
expressed as follows:

_ Hrit(Qb = Qp)
&

H;

and where H , _ is a value relating to an apparent hema-
tocrit of red blood cells in the separation device where:

H rbc#Qth!A' & m

where:

g represents a centrifugal acceleration factor based upon
the controlled rate of rotation. and

RBC represents at least onc red blood cell dependent
factor not including the actual red blood cell hematocrit

value.
12. A system according to claim 11

wherein the value H,,_ represents apparent hematocrit of
red blood cells in the separation device, where:

Hﬁe=1—(ﬁgr-(ii“%))

where:
g, is inlet blood flow rate (cm*/sec), which when con-
verted to ml/min. corresponds with Q,,,
q, is measured plasma flow rate (in cm’/sec), which,
when converted to ml/min corresponds with Q,,,

1
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B is a shear rate dependent term, and Sy is a red blood cell
sedimentation coefficient (sec) and /S,=15.8x10° sec™

1,
A is the area of the separation device (cm®),

g is the centrifugal acceleration (cm/sec®), which is the
radius of the separation device multiplied by the rate of
rotation squared Q° (rad/sec®), and -

k is a viscosity constant=0.625, and x is a viscosity
constant based upon k and another viscosity constant
o=4.5, where:

k+1

_ k+2 k+2 _
=g _LT] =1.272

13. A system according to claim 12

wherein the separation device is free of any sensor
operating to measure the actual whole blood hematocrit
value.

14. A system according to claim 11

wherein the inlet path is free of any sensor operating to
measure the actual whole blood hematocrit value.
15. A system according to claim 11

wherein H. is no greater than about 40%.
16. A system according to claim 11

wherein the separation device is free of an sensor to
measure the actual red blood cell hematocrit value.
17. A blood processing method comprising the steps of

rotating a centrifugal separation device at a controlled rate
of rotation, the separation device having an area A,

conveying whole blood having an actual whole blood
hematocrit value into the separation device at a pre-
scribed rate Q,, for separation into red blood cells and
a plasma constituent, the red blood cells in the sepa-
ration device having an actual red blood cell hematocrit
value,

removing plasma constituent from the separation device
at a prescribed rate Q,, at least in part while whole blood
is conveyed into the separation device,

removing red blood cells from the separation device at
least in part while whole blood is conveyed into the
separation device and plasma is removed from the
separation device,

deriving at least in part while whole blood is conveyed
into the separation device and plasma and red blood
cells are removed from the separation device a value
H_,_representing an apparent hematocrit of red blood
cells within the separation device where:

ng‘{Qb!QpA&RBC)

where:

g represents a centrifugal acceleration factor based upon
the controlled rate of rotation, and

RBC represents at least one red blood cell dependent
factor not including the actual red blood cell hematocrit
value,

deriving at least in part while whole blood 1s conveyed
into the separation device and plasma and red blood
cells are removed from the separation device a value H,,
representing an apparent hematocrit of whole blood
entering the separation device based upon a relation-
ship among H,, .. Q. Q,, and not inciuding the actual
whole blood hematocrit value, expressed as follows:
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__Hrc(Qs — ©p)

Hs )3

, and

generating a control command based, at least in part, upon
H, at least in part while whole blood is conveyed into
the separation device and plasma and red blood cells
are removed from the separation device.

18. A method according to claim 17

wherein the control command recirculates at least a
portion of plasma constituent for mixing with whole
blood conveyed into the separation device.

19. A method according to claim 17

wherein the control command controls Q,.
20. A method according to claim 17

and further the step of generating an output based, at least
in part, upon H,.
21. A method according to claim 20

wherein the output comprises a value 1 representing
efficiency of separation in the separation device, where:

—_— QP
N="0-H) 0

22. A method according to claim 17

wherein the value H ,_ represents apparent hematocrit of
red blood cells in the separation device, where:

Hm=1—(g%— (Qb-ip))

where;

q,, is inlet blood fiow rate (cm’/sec), which when con-
verted to ml/min, corresponds with Q,,

q, is measured plasma flow rate (in cm’/sec), which,
when converted to ml/min corresponds with Q,,

B is a shear rate dependent term, and Sy is a red blood cell
sedimentation coefficient (sec) and B/S,=15.8x10° sec™
1‘!‘

A is the area of the separation device (cm®),

g is the centrifugal acceleration (cm/sec”), which is the
radius of the separation device multiplied by the rate of
rotation squared Q° (rad/sec”), and

k is a viscosity constant=0.625, and X is a viscosity
constant based upon k and another viscosity constant
o=4.5, where:

1

k+1

k+2 ~1.272

k+2
o, k+1

X =

23. A method according to claim 22

wherein the method is free of a step of using a sensor to
measure the actual whole blood hematocrit value in the
separation device.

24. A method according to claim 17

wherein the method is free of a step of using a sensor to
measure the actual whole blood hematocrit value in the
inlet path.

25. A method according to claim 17

wherein the method is free of a step of using a sansof to
measure the actual red blood cell hematocrit value.

26. A blood processing method comprising the steps of
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rotating a centrifugal separation device at a controlled rate
of rotation, the separation device having an area A,

conveying whole blood having an actual whole blood
hematocrit value into the separation device at a pre-
scribed rate Q,, for separation into red blood cells and
a plasma constituent, the red blood cells in the sepa-
ration device having an actual red biood cell hematocrit
value,

removing plasma constituent from the separation device
at a prescribed rate Q,, at least in part while whole blood
is conveyed into the separation device,

recirculating at least a portion of plasma constituent from
the separation device at a prescribed rate Qg fOr
mixing with whole blood conveyed into the separation
device,

removing red blood cells from the separation device at
least in part while whole blood is conveyed into the
separation device and plasma is removed from the
separation device,

controlling Q... to achieve a desired hematocrit H; for
whole blood conveyed into the separation device at
least in part while red blood cells are removed from the
separation device and plasma constituent removed

from the separation device is recirculated for mixing
with whole blood conveyed into the device, as follows:

[recirculating at least a portion of plasma constituent from
the separation device at a prescribed rate Qg ;. for
mixing with whole blood conveyed into the separation
device,

controlling Q... to achieve a desired hematocrit H; for
whole blood conveyed into the separation device as
follows:

py = 20

where H, is a value representing an apparent hematocrit
of whole blood entering the separation device based
upon a relationship among H,,.. Q,, Q,, and not
including the actual whole blood hematocrit value,
expressed as follows:

— Hﬁc(Qb - Qp)

Hy Os

and where H ,_ is a value relating to an apparent hematocrit
of red blood cells in the separation device where:

HIM#QEFQPPAT & RBC)

where:

g represents a centrifugal acceleration factor based upon
- the controlled rate of rotation, and

RBC represents at least one red blood cell dependent

factor not including the actual red blood cell hematocrit
value.

27. A method according to claim 26

wherein the value H ,_ represents apparent hematocrit of
red blood cells in the separation device, where:
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Hm=1“(?%’—(qrqp))

where:
q, is inlet blood flow rate (cm’/sec), which when con-
verted to ml/min, corresponds with Q,,
q, is measured plasma flow rate (in cm>/sec), which,
when converted to ml/min corresponds with Q,,

B is a shear rate dependent term, and Sy is a red blood cell
sedimentation coefficient (sec) and /S ,=15.8x10° sec™

1,
A is the area of the separation device (cm?),

g is the centrifugal acceleration (cm/sec®), which is the
radius of the separation device multiplied by the rate of

rotation squared Q7 (rad/sec”), and
k is a viscosity constant=0.625, and x is a viscosity

1
k+

10

15

constant based upon k and another viscosity constant 20

a=4.5, where:

k+1
_ k+2 k+2 _
K=—V [—m- =1.272

28. A method according to claim 27

wherein the method is free of a step of using a sensor to
measure the actual whole blood hematocrit value in the

separation device.
29. A method according to claim 26

wherein the method is free of a step of using a sensor to
measure the actual whole blood hematocrit value in the

inlet path.
30. A method according to claim 26

wherein the method is free of a step of using a sensor to
measure the actual red blood cell hematocrit value.
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